Processes of soil self-restoration and soil modification in the chronosequence of postagricultural ecosystems located within the intrazonal (floodplain) soils of boreal forests were studied. Successional changes in ecological features of the floodplain meadow soil properties in the postagricultural period were considered. We used arable land plots (22 model fields) in the Northern Dvina River delta (Primorsky District, Arkhangelsk region, Northwestern Russia) that have been removed from agricultural practice for the past 50 years and are currently at the self-overgrowing stage. Primary/secondary floodplain meadows with natural floodplain soils were used as reference plots. Changes in soil profiles and chemical properties in an oldarable horizon were observed during the restoration of abandoned fields. Floodplain soils of the Northern Dvina River basin occupied 4.8% of the area. These soils were characterized by high fertility and were actively used in agricultural production in the past. Postagricultural ecosystems of the Northern Dvina River floodplain tended to form natural waterlogged soils to varying extents. Ecosystems were characterized by a short period of soil restoration. The soil restoration process was slower than the vegetation cover restoration process. Soil fertility of the arable horizon persisted for 20 years. A cost-effective return of floodplain meadow lands to agricultural production is feasible over a period of 40 years. Then, soils return to natural floodplain soils, whereby they become waterlogged and lose their fertility.
Introduction
Currently, human-induced landscape modifications are critical. For the region of Russia near Northern Europe, landscape modification has been related to pioneering since the eleventh century with the use of slash-and-burn and forest-field agriculture [1] . In the taiga (boreal forests) zone, fallow land plots have been extensively identified [2] and are used to predict the properties of modern postagricultural ecosystems [3, 4] . Their area is from 45 to 70 million ha in Russia, according to different sources [5, 6] . From the mid-twentieth century, there has been a global tendency for the loss of agricultural lands [7] [8] [9] . Agrogenic soils in the boreal zones have been affected more adversely by changes in social and economic life in Russia during the 1990s than in other Russian regions. Approximately 200,000 ha of agricultural lands were abandoned over the last 25 years in the Arkhangelsk region [10] . In some administrative districts of the Arkhangelsk region, over 90% of agricultural lands have been abandoned [11] .
Approaches to examine self-regenerating succession in Russia are similar to those in other countries, including monitoring soil and vegetation coverage properties with studies at different development stages. In Russia, land abandonment is spontaneous. However, in other European countries, there are regular stationary observations of abandoned land for the maintenance of biological diversity and other purposes [12, 13] . Abandoned hayfields and pastures are studied more than abandoned arable lands in boreal zones [6] . Additionally, demutation processes are more pronounced in abandoned arable lands because of the plough-layer changes not only in the soil profile but also in the soil cover of the entire landscape [14] . Problems such as community recovery rates under different conditions and interactions of demutation succession of vegetation and soil properties have not yet been resolved [2, 3, 14] . However, the process of soil formation may be critical for the restoration of postagricultural vegetation to original conditions [15] .
The study of vegetation chronosequences in fallow lands on different lithogenic matrices of soil formation would enable the development of management procedures for demutation and land rehabilitation. The self-organization of ecosystems and rebalancing of their components at every stage of progressive succession take place under self-regeneration in the postagricultural period. These processes involve both biocenosis (vegetation, animals) and the abiotic parts (soils) of ecosystems. Actually, the restoration of lands takes place after their use in agricultural production, and a problem arises regarding these management processes and their predictive power under different climatic, forest vegetation, and soil/hydrological conditions [14] . To solve this problem, the recovery rate of soil/vegetation coverage in postagricultural succession, changes in vegetation and soil morphological characteristics and properties at different stages of self-regeneration, the effects of agricultural technologies and their duration, and the effects of ambient biocenosis must be studied. Research on fallow lands of the boreal belt in Russia is seldom conducted, and data on the successional processes in these lands are rare.
The objective of this study was to determine the soil self-regeneration processes and soil modification occurring in postagricultural ecosystems in a time-series (chronosequences) of fallow lands within the intrazonal (floodplain) soils of the boreal forests (the Arkhangelsk region). Postagricultural ecosystems within the intrazonal lithogenic matrix in the Northern Dvina River delta (farming lands abandoned at different times) were the objects of this study.
Material and methods
Arable land plots (model fields) abandoned during the last 50 years were selected in the Northern Dvina River delta (Primorsky District, Arkhangelsk region, Russia, 64°57-58' N, 40°26-30' E) in years 2014-2016. The climate in the region is subarctic marine. The period with temperatures above 10°C lasts 70-85 days and the cumulative amount of heat for this period is 1,100-1,300°C. The average temperature of the warmest month (July) is 16°C. The air is humid during all seasons and air humidity reaches 80%. The frost-free period lasts 105 days. Snow cover forms in November and a cold winter lasts 175 days with the lowest temperature of −48°С. The average temperature in the coldest month (January) is −12°С. Snow cover is consistent with an average depth of 45 cm. Annual precipitation is 500-530 mm. The average annual temperature is +0.4°С. The growing season is 135 continuous days. The self-regenerating plots were located within the intrazonal (floodplain) soil area ( Fig. 1 ). Primary/secondary floodplain meadows with natural floodplain soils were used as reference plots. All plots were located in the central part of the island floodplain of the river delta.
Fallow lands of different ages were selected based on land-use plans in correlation with chemical maps developed in the 1980s ("Arkhangelskaya" Agrochemical Station). For each land plot, the chemical soil properties during the period of intensive land use were analyzed.
Complete geobotanic descriptions were implemented within uniform vegetation cover of each field in test plots with areas of 100 m 2 [16, 17] . Names of vascular plants in Latin are given according to Czerepanov [18] . Within each test plot, the soil profile was classified according to the Russian classification system [19] and also according to the World Reference Base for Soil Resources (WRB) [20] .
Soil samples were taken using a steel soil-sampler from the middle of the arable horizon at 10 excavation points. Soil moisture and bulk density were determined using the thermogravimetric method, particle density was determined using the pycnometer method, and total soil porosity and aeration porosity were calculated [21, 22] .
Total porosity was calculated as: φ = (1 − D b /D d ) × 100, where φ -total porosity (%); D b -bulk density (g cm −3 ); D d -particle density (g cm −3 ). Aeration porosity (percentage of pores with air) was calculated as: φ a = φ − M × D b , where φ α -aeration porosity (%); М -soil moisture (%).
Salt-replaceable acidity (рНKCl), hydrolytic soil acidity (H + ) by the Kappen method, and total exchangeable bases were measured. Soil organic matter (SOM) was determined using the Tyurin method and the mobile phosphorus and potassium compounds were detected using the Kirsanov method. The cation exchange capacity (CEC) and base cations (%) were calculated.
All studied plots were grouped by age of fallow formation: 5 years (five fields), 6-19 years (four fields), 20-40 years (10 fields), over 50 years (three fields), and eight natural plots. All data were statistically analyzed (mean ± standard error of mean) by group.
A permutation test [23, 24] was used. This is a type of statistical significance test in which the distribution of the test statistic under the null hypothesis is obtained by calculating all possible values of the test statistic under rearrangements of the labels for the observed data points. Fraker and Peacor [25] concluded that permutation tests provide an advantage over ANOVAs in their ability to test a wider range of models. Statistical significance was accepted at the level of p < 0.05. 
Results
The studied fallow passed through regeneration stages including the classical stages: tall grass (wild grass), creeping stem grass (long-rooting), bunch grass (loose shrub), and tussock grass (thick sod). Initially, in the first year, an abandoned field was overgrown by annual weed plants (species including Stellaria, Sonchus arvensis L., Chenopodium album L., and Atriplex patula L.), as well as taproots and root-sucker perennials [including Cirsium arvense (L.) Scop. and Mentha arvensis L.]. In the beginning of the first year of abandonment, large and aggressive species, such as Cirsium arvense, Heracleum sibiricum L., and Heracleum sosnowskyi Manden, having high seed productivity and substantial allopathic effects invaded the abandoned fields from neighboring meadows. These species crowded out annuals and also prevented the dispersal of new species for a long period. In such a state, a grass stand could prevail for several decades and at 20 years following field abandonment, the stand could be covered by leguminous species, mixed herbs, and gramineous species. Later, especially during network amelioration or disturbance, in the absence of hay production, fallow lands were overgrown by smallleaved forests, primarily dominated by willow species that were represented by Salix triandra L., Salix pentandra L., Salix caprea L., Salix acutifolia Willd., and Salix viminalis L. with an admixture of Padus avium Mill., Sorbus aucuparia L., and Alnus incana (L.) Moench, as well as the occasional Alnus glutinosa (L.) Gaertn.
The herbaceous coverage during succession affected soil properties. Significant differences in SOM, acidity (рНKCl), Р 2 О 5 , H + , bulk density, and porosity were revealed using permutation tests (Tab. 1). At the beginning of fallow formation, the physical properties of soils (Tab. 2) were the most unstable. Soil bulk density decreased by 10% for 5 years. In the following years, soil density was dependent upon field use and cultivated plants. On average, it corresponded to natural (nonploughed) lands (p = 0.98-0.99), except for fallow lands after 40 years. Critical changes in total porosity and aeration porosity of the plough-layer were not observed. That was provided by the ploughing layer (which resulted from heavy land use) and by the numerous roots of the developing herbaceous cover. In fallow land after 50 years, the total porosity was similar to that of natural soils; however, the proportion of pores filled with air was 1.5 times higher than that of natural soils.
Overall, soils of 50-year fallow lands significantly differed from those of younger fallow lands and natural soils (р < 0.01) in their physical properties. These results occurred because of the growth of small-leaved deciduous species and soil waterlogging.
The SOM content up to 40 years following fallow soil abandonment did not significantly differ with that of natural soils. Low-SOM content in younger fallow lands was related to soil agricultural degradation, which resulted from the degree of soil ploughing and the decrease in amelioration in the region within the last 30 years. After 6 years, SOM content increased to 3.1% and corresponded to that of natural soils. Sod formed in the herbaceous cover and the number of perennials increased; perennials provided sufficient leaf fall to enrich the soil when haymaking was lacking. After 20 years of abandonment, the SOM content in old-arable soils increased to 2.8%, which was close to the level in the natural soils (p = 0.78-0.99). In old fallow land (over 50 years of natural regeneration) organic matter accumulated. This was related to soil bogging by groundwater (floodplain water dam) and was also related to a reduction in the leaching of nutrients.
After 20 years, рНKCl varied from 5.8 to 5.9 and was at a level close to that of natural soils. With further fallow formation (over a period of 40 years) acidity increased more actively with waterlogging, and the soil became medium acidic (рНKCl = 4.7).
Mobile phosphorus and potassium content changed in different ways. A high level of phosphates (47.1-50.3 mg 100 g −1 ) resulting from fertilizer distribution during the period of agricultural use persisted in fallow lands for 40 years and was 3 times higher than that of P 2 O 5 content in soils in natural meadows (Tab. 3). The low acidity of floodplain soils and the hardness of the Northern Dvina River water caused phosphorus accumulation. If the self-regeneration period was longer, phosphorus removal took place and the phosphorus content was similar to that in natural soils (p = 0.99). However, the mobile phosphorus content in old-arable soils was still rather high (19.6 mg 100 g −1 ), but was lower than the average value (26.7 mg 100 g −1 ) for the surrounding area.
The exchange of phosphorus and potassium content in fallow lands did not significantly differ with that of natural soils (11-18 mg 100 g −1 ). In the first 5 years of fallow formation, K 2 O content increased slightly. In soils of the 20-year fallow lands, the K 2 O content increased by 1.5 times, up to 18.1 mg 100 g −1 , which could be caused by a large amount of grass-fall. Later, the mobile potassium content became stable.
Fallow formation and soil sorption parameters of floodplain arable lands (total exchangeable base amount, CEC, base saturation) were quite high (Tab. 4), which is typical of natural floodplain soils and agricultural lands of the region. Soil fertility decreased during the process of floodplain groundwater bogging over the long term. In this case, rapid soil acidification accompanied by the accumulation of hydrogen ions in soil sorption complex took place. H + reached 9.6 mmol 100 g −1 , which unfavorably Tab. 1 Results of the permutation tests to determine the differences in soil properties in ecosystems of various duration following abandonment. affected vegetation development, in spite of the high content of humic substances and the high amount of exchange bases.
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Discussion
The Northern Dvina is one of the largest rivers in Russia near Northern Europe. It is a typical lowland river with an average grade of 0.07‰ and combined recharge in which snow feed accounts for 50%, rain feed for 20%, and underground feed for 30% of annual flow. High spring floods, normal summer and fall water levels, and low winter water levels are typical. The spring floods last 1 to 3 weeks. The fall floods last 1.5-2 months on average [26, 27] . The river mouth of the Northern Dvina (Fig. 1) is classified as a tidal estuary with a multibranched delta and river-mouth strand. In the river delta, dry land consists of 55% of the area. The central part of the floodplain is the widest area and it contains the main islands and near-shore part of the Northern Dvina. It is characterized by high water and a high groundwater Additionally, the floodplain of the Northern Dvina has a meandering river, combined effects of continental (zonal) conditions, erosion and accumulation, and floodplain and alluvial processes. These processes take place in the formation of segmental ridge floodplains and are destroyed by anthropogenic transformation [29] . Floodplain (alluvial) soils of the Northern Dvina River basin occupy 4.8% of the regional area; 1.3% of which are bogged [30] and 10.3% are occupied by ploughed lands [10] . These soils are characterized by high fertility and primarily they have been cultivated by farmers. They have always been extensively used in the agricultural production of the region.
The majority of the natural meadows of the Northern Dvina River delta is intermediate between primary and secondary meadows because of the duality of the exo-and endodynamic nature of their formation. They originate with a primary phase of vegetation formation (mesophytic grasses, shrubs, and trees) primarily on sand bars. This stage is maintained by human activities, such as regular grazing or hay making. The reduction in economic activity results in a transformation in the secondary floodplain meadows. This stage is also maintained by regular rational hay making or grazing [29] . Similar processes have been described by other researchers [13] .
Meadow soils in the Northern Dvina River delta are typical Fluvisols, grey humic (soddy). Scanty alluvial stratified soils with gleying of different extent in the lower part of the soil profile also occur. Soils are uniform brownish and mixed and have a properly structured plough-layer form after meadow ploughing. The large-scale agricultural effects on plough lands within the floodplain significantly improves soil quality. This surpasses the average quality that is established in the Arkhangelsk region and in the agroclimatological zone where the fields under studied are located [10] .
During postagrogenesis, changes in the environmental, floristic, production, and structural features of floodplain biocenosis take place. All types of cyclic dynamics and succession variability, both those of vegetation and soil, are observed in the fallow lands.
Tab. 4 Dynamics of soil absorption complex properties of a plough-layer in fallow floodplain soils on postagricultural succession.
Abandoned period (years) H + (mmol 100 g −1 )
Total exchangeable bases (mmol 100 g −1 )
Cation-exchangeable capacity (mmol 100 g −1 )
Base cations (%) Before semicolon: mean and standard error of mean; after semicolon: minimum and maximum value of parameter.
Soils pass through certain evolutionary stages during the period of fallow selfregeneration and phytocoenotic successional changes are evident in meadows. Changes occur in both soil morphological and chemical properties. Morphogenetic changes in the fallow soil chronosequence pass through two main stages: regradation (regraded subtype) and postargogenesis (postagrogenic subtype). This makes it possible to predict and to estimate the evolutionary rate of self-regeneration (Fig. 2 ). Furthermore, morphological characteristics of the arable horizon (smooth lower boundary, clumpy structure, and brown color) are observed in all chronosequence soils (Fig. 3) .
On the long creeping stem (long-rooting) stage of phytocenosis in the upper part of the arable layer, a young humic soil layer (W) appears and a sod layer starts to form. This layer is considered to be a feature of the regraded soil subtype. Features of the arable soil layer persist in all regraded soils: cloggy structure, dark color, and a well-distinguished even lower boundary. The sod-humic layer forms within 20 years of arable land self-regeneration at the bunch (loose shrub) and tussock (thick sod) stages of phytocenosis development. This layer is considered the main diagnostic feature of postagricultural soil succession [31] . Typical postagricultural alluvial sod soil forms, having traces of past ploughing (uniformly colored layer and a well-distinguished even lower boundary of the former plough-layer). Later, soils attain features of natural soils, and the distinct boundary of the plough-layer begins to diffuse. A layer forms that is already a sod layer but there still is an arable layer matrix [32] . Alluvial soils of fallow lands continue to be structured for a long period of time, and after at least 20 years of the fallow land formation of the soil, it is still cloggy and close to that of arable lands in structure. In the arable layer of alluvial soils, the loss of agrogenic features is observed after 40 years of abandonment, soils become similar to natural soils, as estimated by morphological characteristics.
The morphological evolution of soils is accompanied by changes in agrogenic features. However, it is predicted that fallow soils develop toward their natural state. In lithological matrices of zonal soils, postagricultural successions develop into ecosystems of zonal types [33] . This relationship is broken in intrazonal soils, especially as the formation of the future vegetation community depends on the first years of successional development. The higher soil fertility of former agricultural systems in the floodplain can, in different ways (positive or negative), affect vegetation development (restoration), which defines the structure of the vegetation community [34, 35] .
Postagricultural ecosystems of the Northern Dvina River floodplain tend to form natural soils that are water bogged to different extents. The restoration period is shorter then in zonal and extrazonal soils, where this process lasts for periods greater than 200 years [36] . The regeneration of natural floodplain soils can be expected within 100 years. It is likely caused by floodplain processes and damage to network amelioration developed during the period of intensive land use during agricultural production. Soil restoration is delayed by vegetation cover restoration. Soil fertility persists in the arable layer matrix for 20 years. Cost-effective floodplain soils returning to agricultural production are possible within a period of 40 years. The period of restoration for northern floodplain soils is similar to that for black earth soil, and the recommended time period for the return to agricultural production is no longer than 40-50 years [32] . These terms agree with the regeneration model for fallow ecosystems wherein the carbon content re-establishes itself within 40 years of long-term overgrowth of fallow land [36] .
The restoration of fallow land and the problem of recultivation have two main aspects. On the one hand, with the restoration of fallow land, the rehabilitation of natural biomes takes place [37] . It is essential to predict landscape formation, both with respect to biological diversity and landscape aesthetics [13] . On the other hand, the reestablishment of soil fertility takes place (in other words, letting the soil rest). This is critically important for agricultural production in this modern period of world land degradation [38] .
Within the territory of Russia, it is required to return 30-35% (8-10 million ha) of fallow lands to active agricultural use [39] . Soil quality and the proximity of land plots to cities are the most important criteria for the selection of land for return to active agricultural use [40] .
Conclusion
The maintenance of soil properties in floodplain fallow ecosystems (fertility of arable lands during the course of their use in agricultural production) persists for 20 years. During this period, arable land rehabilitation does not impose substantial costs. In 40 years of abandonment, soils take on the properties that are similar to those of natural floodplain soils. Hence, this is a time limit for the economic return of fallow lands to ploughed lands. With long-term fallow formation (over 40 years), conditions of a disturbed amelioration network, shrub invasion, and water bogging take place. As a result, simultaneous humus content and hydrolytic acidity increase, whereas deterioration of physical properties and base saturation decrease. It is impractical to return such fallow lands to croplands.
